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ABSTRACT 

This report describes a program of work on beam/plasma inter- 

action. Both electrostatic and electromagnetic wave amplifying 

mechanism," are under investigation. For the former, studies in the 

absence of a static magnetic field are directed towards verifying 

the theory for beam/.lurface wave amplification.  Two distictly different 

lines are being followed for interactions in the presence of a static 

magnetic field:  Electrostatic cyclotron harmonic wave interaction 

is being examined, both theoretically and experimentally, and the po- 

tentialities of electromagnetic wave growth in the "whistler" mode 

are being investigated. 
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FOREWORD 

This contra',t represents a three-year program of research on 

Fast Wave Beam/Plasma Interactions" which is proceeding in the 

Institute for Plasma Research, Stanford university, under the direc- 

tion of Prof. F. W. Crawford as Principal Investigator.  The work is 

pf.rt of PROJECT DEFENDER and was made possible by the support of the 

Advanced Research Projects Agency under Order No. 695.  It is con- 

ducted under the technical guidance of the U.S. Army Electronics 

Command.  This is the eighth Quarterly Report, and covers the period 

1 December I967 to 29 February 1968. 
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I.     INTRODUCTION 

The wave  amplification  effect  associated with  the  interaction of 

an electron beam and   a  plasma  has  attracted  considerable  attention over 

the last   few years,   particularly from microwave  tube  specialists   to 

whom such   interactions offer possibilities  of  constructing very high 

gain devices which should  be electronically  tunable over wide  frequency 

ranges.     Since  the plasma  plays   the  role of  a  conventional   slow-wave 

structure,   the  interaction region  should  be free of  metallic  structures 

a  particularly  significant  characteristic  if millimeter wave operation 

is envisaged. 

The work being carried  out  under  this  contract  is  directed  towards 

utilizing  the beam/plasma  amplification mechanism in microwave device 

applications.     So  far,  despite  the  efforts  of many groups,   it  has  not 

been possible  to  realize this  potential   fully.     The most  serious  ob- 

stacles   to progress  are that efficient  coupling of  an rf  signal   intj 

and out of   the  interaction region has  been  found difficult   to achieve, 

and  that   the  amplifiers are frequently very noisy compared with  most 

conventional microwave tubes.     The necessity of providing  the means  of 

plasma  generation within the device,   and   the presence of  a   relatively 

high background  gas  pressure,   add constructional  problems  beyond  those 

normally encountered with vacuum tubes.     Although satisfactory engi- 

neering  soJutions   to these latter difficulties  could  certainly be  found, 

the coupling  and  noise problems  still  require considerable further  study 

to determine whether competitive devices  can be developed. 

Of  the many widely differing  aspects  of beam/plasma   interaction, 

three have been chosen for close examination under this  contract.     The 

first of  these is  the interaction of  an electron beam with a  plasma when 

the modulating fields,   and  the wave growth,   are in either  the  first axi- 

symmetric mode,   or in the first  azimuthally-varying mode.     Since with 

transverse modulation several  interesting  interaction and  coupling 

mechanisms become possible,  It is  Intended  that a  thorough investigation 

of such phenomena  should be made under  this  contract. 

-  1 
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Most previous work has been concerned with the theoretical de- 

scription and demonstration of beam/plasma interaction mechanisms that 

can be derived from cold plasma theory, i.e., from theory in which it 

is assumed that the plasma electrons have no thermal or directed 

motions, and that the injected beam is monoenergetic. When a dc mag- 

netic field is present, microscopic theory, in which single-particle 

behavior is followed, predicts a much wider range of amplification 

mechanisms. Some of these are simply modifications of those occurring 

in the absence of the magnetic field, while others involve interaction 

of beams with transverse energy with slow "cyclotron harmonic waves." 

This constitutes our second area of interest, i.e., that of wave growth 

in magnetoplasmas when the electron beam has a substantial component 

of transverse energy. 

Our third area of interest is in electromagnetic wave amplifica- 

tion. Theoretical studies show that, in addition to electrostatic wave 

growth phenomena such as those just described, there is the possibility 

of obtaining appreciable growth in the "whistler" mode when an electron 

beam with transverse energy Interacts with a magnetoplasma. This mode 

is a right-hand, circularly-polarized electromagnetic wave, i.e., its 

electric field vector rotates in the right-hand sense, which is also 

(conventionally) the sense of rotation of the electrons about the 

magnetic field lines.  If a beam with transverse energy is moving along 

the field lines, there is consequently a possibility of energy being 

transferred from the electrons to the wave, and hence, for wave ampli- 

fication to occur.  The purpose of our work is to demonstrate this type 

of interaction, and to examine its potentiality for coupling to slow- 

and fast-wave circuits. Here "fast-wave" is interpreted to mean that 

the phase velocity of the wave is of the order of the velocity of light. 

Previous quarterly reports (QR) have described the background for 

each of the topics in detail. Progress made during the reporting period 

will be described in the succeeding sections. 

- 2 - 
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II.   BEAM/PLASMA AMPLIFICATION 

Amplification due to interaction of an electron beam with an un- 

magnetized plasma has been studied at Stanford and elsewhere. Experi- 

mentally, electronic gains as high as 20 dB/cm have been observed in 

both m = 0 and m = 1 modes, at frequencies up to 1 GHz, and reason- 

able agreement has been obtained with theoretical predictions.  Al- 

though electronic gain has been observed, however, the achievement of 

net gain between an input and an output is an elusive goal due to the 

difficulty of achieving efficient coupling between the beam/plasma 

system and external circuits. One of the principal aims of this study 

is to investigate coupling methods in the hope of realizing nee gain. 

When the beam fills, or nearly fills, the plasma region, the rf 

fields penetrate appreciably into the region external to the plasma. 

Under these conditions, and provided that the plasma is bounded by a 

dielectric (with or without an additional external conductor), the in- 

teraction is effectively between the space-charge waves of the beam and 

surface waves propagating on the plasma column.  In this case, it 

should be possible to couple efficiently to circuits external to the 

plasma. For this reason we are studying, both theoretically and ex- 

perimentally, as reported in Sections A and B below, a system in which 

the beam and plasma fill a dielectric tube. 

During the past quarter, further computations of the surface wave 

dispersion relation relevant to the experimental tube have been carried 

out.  Some useful analytic approximations have been derived in order 

to check the numerical computations. Experimental work on beam/plasma 

interaction has been carried out with a sealed-off tube containing 

mercury-vapor, in order to clarify further the experimental results 

presented in QR 5 and 6, and with a new cold cathode tube connected 

to a continuously pumped system filled with helium. 

(A)  Theoretical Studies 

Previous QR's have described theory and computations for the 

m = 0 and m = 1 dispersion relations. Also, some stability 
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considerations have been presented for the asymmetric (m=0)  mode. 

Following these lines, it has been established that the second order 

approximation for the function Fjz), defined in QR 6, is adequate to 

represent the m=0 and m=l modes.  In this approximation, both modes 

have finite gain at the plasma frequency. The search procedure used 

in the computer to calculate the exact dispersion relation has been 

modified since the preliminary computations for the m=l mode de- 

scribed in QR 7 suggested infinite gain at the reduced plasma frequency. 

With an improved numerical procedure, it is now found that the gain is 

finite and that the analytical and numerical results agree.  Some pre- 

liminary investigation of tfce system stability has been carried out. 

This indicates that for our experimental parameters, both m=0 and 

m=l modes should be absolutely unstable, through collisions and non- 

zero electron temperature. 

The experimental results presented in previous QR's indicate that 

there may be a strong density gradient along the discharge axis. This 

might be taken into account by the well known WKB approach.  An alter- 

native technique from the theory of nonlinear systems has been studied 

during the reporting period.  Some work has already been carried out 

using this approach for the case of an infinite warm plasma with a 

slowly varying density along the axis.1'2 This line will be pursued 

during the coming quarter, particularly with a view to determining how 

the beam/plasma interaction synchronism condition, and resulting gain 

are affected. 

(B)  Experimental Studies 

During the quarter, the new cold-cathode experimental tube de- 

scribed in QR 7 was set up on a continuously pumped system, and ex- 

ploratory measurements were made with helium as the working gas.  It 

will be recalled that the reasons for using this type of discharge 

were, first, to avoid the use of oxide cathodes, and, second, to obtain 

directly a large diameter electron beam. It was found immediately that 

the conditions described elsewhere for cold cathode discharges in 

helium were not reproduced in our experimental situation.  Over 6 kV 

were required to start the tube at p = 0.5 mTorr.  At higher pressures, 

pronounced striations were observed along the tube. No improvement 
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could be obtained by applying an axial magnetic field. We have con- 

cluded that the difference between our results and those of Persson^ 

is due to the very much smaller diameter of our experimental tube.  It 

was decided to abandon the method and to use an electron gun of the 

type described in earlier reports on sealed-off tubes.  Such a gun is 

under construction and should be available shortly for use on the con- 

tinously pumped system. 

While waiting for the new tube, some further experiments have been 

carried out on the sealed-off mercury-vapor discharge tube in the 

region of propagation where there is no appreciable electronic gain. 

The measurements were carried out to provide more data on the longi- 

tudinal profile of the plasma column.  The data given in Figs. 1 and 2 

were taken at three different frequencies, for two different values of 

the beam voltage.  It will be seen that the wavelength of the space en- 

velope changes with distance in a nonperiodic way.  Such behavior has 

been exhibited previously in QR 6 and may owe its origin to four 

possible basic mechanisms:  (i) beating of a single propagating mode 

with a direct signal coupled internally through the tube, or from 

outside, (ii) beating, or standing waves, due to partial reflection 

of a single mode from the end of the system, (iii) beating of two waves 

propagating in the same direction, and (iv) inhomogeneity along the 

axis. Further experiments are under way to determine which of these 

is appropriate to our experimental results. 

- 5 - 
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III.   ELECTROSTATIC WAVE AMPLIFICATION IN MAGNETOPLASMAS 

When the beam and/or plasma have directed or thermal motions in 

the transverse and axial directions, it is necessary to derive the 

appropriate dispersion relations using a Boltzmann equation formalism. 

The results of doing so were discussed rather generally in QR 1 where 

it was pointed out that, for a high enough value of the parameter 

(^./^ ). i.e., the ratio of beam plasma frequency to electron cyclotron 

frequency, even an ion-neutralized electron beam could be unstable, 

and that in the presence of a background plasma the instability thres- 

hold for the beam density could be reduced. The purpose of this project 

is to investigate such interactions, and to determine their potentiali- 

ties for microwave applications. 

Numerous theoretical predictions of the instabilities have been 

made at Stanford and elsewhere. Basically, the theory predicts growth 

in passbands centered on the electron cyclotron harmonic frequencies 

(rfu ). No further computations will be carried out under this project 

until our experimental parameters have been measured. Those computa- 

tions carried out to date have been summarized in a Ph.D. thesis by 

Tataronis . 

So far, few controlled experiments have been carried out to check 

the theory, though observations of strong noise emissions from magneto- 

plasmas containing charged particles with appreciable transverse 

velocities provide significant support for the existence of the pre- 

dicted mechanisms. The studies planned under this contract are in- 

tended to provide results under refined experimental conditions, and 

to put the theory on a firm quantitative basis.  In particular, we wish 

to verify the dispersion relation for the realistic case of a delta- 

function beam interacting with a warm plasma. The aim is to excite 

growing waves by means of an electron beam injected into the plasma, 

and to study the variation of the growth rate as a function of the longi- 

tudinal and transverse energies of the beam. This immediately poses 

two experimental problems: production of the beam, and measurement 

of its parameters. These topics will be discussed in Section III A. 

Some experimental results on instabilities excited by the beam are 
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presented in Section III B. 

(A)  Electron Beam Production and Measurement 

One way of imparting transverse energy to a beam is to inject it 

through an increasing magnetic field into the interaction region. 

This does not create the delta-function transverse velocity distribu- 

tion which would be most desirable for checking against theory.  A 

closer approach to this is the use of a "corkscrew" injection system.5 

A third method which we hoped to apply, because of its greater flexi- 

bility, is to impart transverse energy to the electrons by cyclotron 

heating in a small rf cavity through which the beam passes before 

entering the plasma region.  This has been found extremely difficult 

to realize for our experimental conditions, however.  For convenience 

in our initial studies, a version of the first method has been adopted, 

and was described in detail in QR J.    Briefly, it consists of a large 

oxide-coated cathode oriented at en  angle to the magnetic field.  Grids 

are used to vary the energy picked up by the electrons emitted from 

the cathode before their injection into the main discharge region. A 

pair of Helmholz coils allows the magnetic field at the cathode surface 

to be varied independent of the main field. 

The operation of the electron injection scheme has been investi- 

gated during the reporting period. A series of experiments were per- 

formed on the beam produced by the angled cathode structure. Measure- 

ments were made at the anode of the system, approximately 60cm from 

the cathode. During these experiments, the neutral pressure was kept 

as low as possible [< 10  Torr] to avoid producing a plasma. The 

gridded probe device mentioned in QR 7 was completed and used to measure 

the parallel velocity of the beam at the position of the anode.  Figure 

5 shows typical experimental data obtained from the analyzer with the 

aid of an operational amplifier and an oscilloscope. 

The perpendicular velocity distribution function, F(v ),  can be 

inferred from the parallel velocity distribution function 

given by Fig. 3. We have 

F(v ) = f(Vb -V)  , (1) 
J. 

9 - 
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Fig, 3.  Parallel electron velocity distribution 
function obtained by use of the velocity 
analyzer. 

- 10 



■ 

if there is no plasma. This follows directly, because all electrons 

are assumed to have the same total energy, ©V •  Thus 

V + V = V. . (2) 
l   II   b 

The analyzer was used to make two different experimental checks. 

First, the adiabatic theory was checked qualitatively, and the maximum 

percentage of beam energy that could be injected perpendicular to the 

magnetic field was measured. Figure k  shows the percentage of the 

beam energy in the transverse motion of the particles, as a function 

of magnet current in the main coils, for various beam voltages.  In 

taking these data, the magnetic field at the angled cathode was kept 

constant.  The fact that these data fall on a straight line inter- 

secting the origin is a qualitative check on the adiabatic theory. 

That the slopes of the curves presented in Fig. k  depend on the 

beam voltage is a property of the angled cathode.  If the magnetic 

field at the cathode is very weak, and the accelerating voltage, V , 

is large, electrons emitted from the cathode follow nearly straight 

line paths. The energy parallel to the field, V ,  is then given by 

V = V sin2e , (3) 
ii   b      ' 

while their perpendicular energy is given by 

v  = vu cos2e , (k) 

where 0 is the angle the cathode makes with the magnetic field.  If 

the magnetic field is strong, the electrons are constrained to follow 

the field lines, and all the energy appears as parallel energy. The 

important parameter is the ratio, R, of the grid-to-cathode spacing, 

d,  to the Larmor radius,  X 

Figure 5 is a plot of the percentage energy in the transverse 

motion as a function of R, The solid line is a theoretical result 

- 11 
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as a function of magnetic fielU at +he analyzer (magnetic 
field at the cathode was held constant at 100 gauss. 
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obtained by solving for the electron trajectories in the grid-to- 

cathode region. The points were obtained by use jf  the gridded probe, 

as the beam voltage was varied at each of the three magnetic fields 

indicated. 

(B)  Observations of Emissions from the Plasma 

The theory of cyclotron harmonic wave instabilities seems to in- 

dicate absolute, rather than convective, growth under most experimental 

conditions, and most experiments in this area have concerned plasma 

noise emissions at or near the cyclotron harmonics.  During the re- 

porting period, we have continued our studies of plasma noise emissions 

stimulated by the electron beam having transverse energy described in 

Section III A. Among the prominent peaks in the frequency spectrum is 

one at the electron cyclotron frequency scaling linearly with magnetic 

field. This characteristic is illustrated in Fig. 6. 

The radiation at the fundamental cyclotron frequency is accom- 

panied by peaks at the harmonics. A phenomenon observed to be 

associated with these is that, as the plasma density decreases, the 

odd cyclotron harmonics disappear, leaving only the even harmonics. 

This point is demonstrated in Fig. 7 where emission spectra are com- 

pared for two values of plasma density. Further observations are that 

ehe spectral lines brcaden with increasing plasma density, and that 

radiation spectra, similar in shape but 10-20dB weaker in amplitude, 

can be picked up outside the discharge tube by means of a monopole 

antenna. Further experiments are under way to elucidate the nature of 

the resonances and to account for the differing behavior of even and 

odd harmonics of the cyclotron frequency. 

1'+ - 
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Fig.   6.     Noise emission from a  magnetoplasma:    Cyclotron frequency 
radiation. 
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IV.   ELECTROMAGNETIC WAVE AMPLIFICATION IN MAGNETOPLASMAS 

In the absence of a static magnetic field, interaction of an 

electron beam with a plasma leads only to electrostatic beam/plasma 

interactions of the types described in Section II. When a static 

magnetic field is present, there are additional possibilities of 

electromagnetic wave interaction.  That of special importance under 

the present contract is the interaction with the right-hand polarized 

electromagnetic wave known in ionosphere terminology as the "whistler" 

mode.  It has been demonstrated theoretically that under conditions 

where a beam with transverse energy interacts with the plasma, wave 

growth in this mode should be possible. This leads immediately to 

the question of whether there are experimental situations in which 

this growth dominates over the electrostatic growth mechanisms occurring 

at the same time. Some previous studies suggest that such conditions 

are realizable, but are not conclusive. Examination of this ques'-ion 

is one of the major topics of interest under the project. 

Comparatively little experimental work has been reported so far 

on propagation of the whistler mode in laboratory plasmas, and none 

of this seems to have been directed towards observation of wave growth 

due to interaction with a gyrating electron stream, or to other wave 

amplifying mechanisms such as parametric amplification.  Such demon- 

strations form the primary object of this project.  If growth in the 

whistler mode could be demonstrated, and utilized, it would offer 

very attractive practical features.  In particular, coupling should 

be facilitated, since the amplification occurs in an electromagnetic 

mode, i.e., without conversion to an electrostatic mode. 

The aims of the present project are as follows:  First, to eluci- 

date the theory of whistler-type instabilities in the simplest geometry, 

and then to extend this to more realistic physical conditions, and 

second to demonstrate directly by experiment that growth can occur 

in this mode. 

(A)  Theoretical Studies 

Previous QR's have dealt with the question of wave growth in the 

whistler mode due to interaction with an electron beam having 
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transverse energy.  A large number of computations have now been 

carried out, taking a wide variety of experimental parameters into 

account. The work is being written up in report form, and will be 

available shortly, so that it is only necessary to summarize briefly 

here the salient features of our numerical work. For a monoenergetic 

beam, in which all particles have the same transverse speed as they 

gyrate about the magnetic field lines, weak absolute instabilities 

are predicted. These can be stabilized, by collisions or nonzero 

electron temperature in the background plasma, to leave a convective 

instability which might be useful in a microwave amplifier. 

In addition to the growth in the whistler mode, there are two 

competing instabilities:  growth of cyclotron harmonic waves by the 

electrostatic mechanism of interest in Section III, and beam/plasma 

interaction.  The first of these can occur due to the transverse 

energy alone of the beam. The second requires only the existence of 

longitudinal energy.  Our computations suggest that experimental con- 

ditions can easily be obtained in which the cyclotron harmonic wave 

instabilities are of negligible importance, but that the conditions 

for whistler growth due to a beam will always lead to strong longi- 

tudinal beam/plasma interaction. 

An objection that can be raised to these results Is that they 

have been obtained from dispersion relations.  Computations of growth 

rates from linear theory provide no indications whatsoever of the 

amplitudes to which the competing instabilities may grow. To decide 

this issue would require full nonlinear treatments of the wave growth 

in the whistler mode, and in competing modes, to determine whether the 

slower-growing whistler mode would ultimately reach the highest amp- 

litude. Such an analysis is probably prohibitively complicated for 

an experimental situation. 

Three alternatives remain. The first is to explore other velocity 

distributions to determine whether conditions exist for which growth 

in the whistler mode predominates over other types of instabilities. 

There is some evidence, from observation of whistler amplification 

In the magnetosphere, that such conditions exist. A second is to 
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determine by experiment which mode reaches the highest amplitude. This 

is unattractive to us since the possibility of making fundamental com- 

parisons with theory would be lost^ and in any case, this is not a 

satisfactory basis for design or operation of a practical amplifier. 

The third possibility is to examine mechanisms for whistler amplifi- 

cation in which the energy source to provide wave growth is not supplied 

in the form of an electron beam. 

In our future work, attention will be paid to the first and third 

possibilities suggested in the last paragraph.  In particular, the 

loss-cone distribution will be studied, since it can easily be produced 

in a magnetic mirror, and it is involved in whistler growth in the 

magnetosphere. For interactions leading to wave growth by other than 

velocity-space mechanisms, parametric amplification represents an ex- 

tremely interesting possibility. Plasma is known to be strongly non- 

linear, and it may be possible to utilize this property in a whistler 

mode parametric amplifier. 

Some preliminary work on this last topic has been carried out 

during the reporting period.  The aim has been to determine whether 

the synchronism conditions between the signal, idler and pump frequen- 

cies (UJ . UJ and UJ ) and wave-numbers (k , k and k ) can easily be 
sip s'  i     p 

satisfied by the whistler mode dispersion relation.  This can very 

readily be shown to be the case by considering, as an example, the 

conditions to be satisfied for a degenerate parametric amplifier 

(ws = u) , k = k ). We require 

uu= 2uu = 2UU,  . k = 2k = 2k.  ,        (5) 
P    s   wi  '  p    s    i  '        KJi 

to satisfy the whistler dispersion relation, 

k c 1 ""p 

u,2     ' "H^TJ      ' 

It is easily seen that this leads to, 

2(ju uu 

-19 - 

(6) 



Independent of the electron density.  All of these frequencies are 

well separated from the regions of the dispersion curve where cyclotron 

and collision damping are important.  During the coming quarter, the 

full nonlinear theory will be derived to obtain the growth parameter 

for the interaction. 

(B) Experimental Studies 

Our main experimental effort during the reporting period has been 

to extend the whistler propagation measurements begun last quarter in 

the large (K-band) magnetic field system.  The preliminary data de- 

scribed in earlier QR's have been supplemented by measurements close 

to the cyclotron frequency, where collisionless damping is to be ex- 

pected. This is a fundamental measurement which has not been made in 

precise detail in any previous laboratory work on whistlers. Our aim 

is to obtain both the real and the imaginary parts 01 the whistler dis- 

persion relation for comparison with theory. 

When reflections from the ends are minimized in the system, typical 

interferograms and transmission curves are as shown in Fig. 8 for 

which the experimental conditions were as follows. The maximum ion 

saturation current taken during the current pulse by a Langmuir probe 

located 1.13 cm from the column edge was 15mA. At a sampling time 

700 us after the pulse, the ion saturation current was 0.8 mA corres- 

ponding to a plasma frequency of 11.5 GHz. The magnetic field corres- 

ponding to a coil current of 55 A was such as to provide a cyclotron 

frequency of 2 GHz. The argon pressure was 7 mTorr. Whistlers were 

observed at signal frequencies of 2.0, 1.9, 1.8, and 1.7 GHz, and the 

resulting dispersion curve is given in Fig. 9. The measured complex 

whistler dispersion is compared in this figure with the theoretical 

complex dispersoon curve for (m M )2  = 20, electron temperature 

Te = 3 eV, and collision frequency v = 0.01 ü) .  The damping measure- 

ment seems to suggest that the actual magnetic field is slightly higher 

than calculated from wavelength measurements. The 25.2 GHz inter- 

ferometer calibration of the electron plasma frequency against ion 

saturation current seems to be lower than the value suggested by the 

whistler measurements. 
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INTERFEROGRAM 
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ANTENNA   SEPARATION (cm) 

12 

Fig.  8,    Whistler dispersion characteristics:     Interferogram and trans- 
mission records     (f = 1.9 GHz,     f    =2.0 GHz,     f    = 11.5 GHz), c p 
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Apart from the foregoing conuuents on cyclotron and plasma, 

frequency calibration, which will be considered further during the 

coming quarter, there is the important question of precise electron 

temperature measurement during the afterglow, since the damping is 

extremely sensitive to this quantity.  Suitable diagnostic techniques 

have been under study.  For the measurements given in Fig. 9, a pulsed 

probe method developed by Hosea was used. The theory of this is due 

to Böhm et al , for the zero magnetic field case.  It is hoped that by 

working with only weak magnetic fields, i.e., for which the ion Larmor 

radii are much larger than the probe dimensions, this theory may be 

directly applicable to the whistler experiment. Under these conditions 

it may be assued that the collection of high energy electrons is un- 

perturbed by the magnetic field. This is not the case, of course, for 

low energy electrons. With these assumptions a probe characteristic 

as sho'^n by the dotted curve in Fig. 10(a) should be obtained. By 

using the lower portion of the curve^ it should be possible to deter- 

mine the electron temperature. 

Because the reflex discharge is operated in a pulsed mode, it is 

necessary to provide a sampling circuit to obtain the probe character- 

istic curves.  The circuit used is shown in Fig. 10(b). The sampling 

point in the afterglow is determined by setting the time delay on the 

'B' time-base. The 'B' gate is then used to unblank an oscilloscope 

for a period of about 1 p.sec. By slowly varying the voltage of the 

probe power supply, a series of dots is traced on the screen. 

A small planar probe was constructed by encapsulating a cylin- 

drical probe in glass, and then grinding a flat face parallel to the 

axis of the cylinder.  Preliminary measurements have indicated electron 

temperatures which generally seem rather low for an afterglow discharge. 

It would be highly desirable to have an alternative method of measure- 

ment. This question will be pursued during the coming reporting period. 
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V.  FUTURE PROGRAM 

Most of the details of our program for the comirg quarter have 

been dealt with in the relevant theoretical and experimental sub- 

sections of Sections II-IV.  Summarizing, the program is as follows: 

(i)    Beam/plasma amplification with transverse modulation -- 

Theoretical work will continue on beam/surface wave inter- 

actions in the m = 0 and m = 1 modes, with particular 

emphasis on the nature of the wave growth, i.e., absolute 

or convective.  Supporting experiments will be carried 

out in the continuously-pumped systaia using a hot-cathode 

electron gun to produce the electron beam and the plasma. 

(ii)   Electrostatic wave amplification in magnetoplasraas — 

Further measurements of the noise spectrum ciue to magneto- 

plasma wave excitation by electrons with transverse energy 

will be made in the magnetic field configuration described 

in this report, first with a view to identifying the 

various frequencies so far observed, then with the aim of 

verifying the theory quantitatively for a delta-function 

beam interacting with a cold plasma. 

(iii)  Electromagnetic wave amplification in magnetoplasma^ — 

The report on our computations of whistler instabilities 

should be completed during the coming reporting period. 

The work suggests strongly that competing instabilities 

will be stronger than whistler mode growth for beam-tv^e 

electron velocity distributions. Other alternatives, such 

as the loss-cone distribution, will be examined numeri- 

cally. Parametric growth will also be studied theoreti- 

cally and, if time permits, experimentally.  The measure- 

ments of whistler dispersion will be continued, particularly 

in the region near the cyclotron frequency where colli- 

sion! ess damping is important. 
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